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Abstract. In this article we investigate the effects of short-range anti-
ferromagnetic correlations on the gap opening of topological Kondo insulators.
We add a Heisenberg term to the periodic Anderson model at the limit of strong
correlations in order to allow a small degree of hopping of the localized electrons
between neighboring sites of the lattice. This new model is adequate for studying
topological Kondo insulators, whose paradigmatic material is the compound
SmB6. The main finding of the article is that the short-range antiferromagnetic
correlations present in some Kondo insulators contribute decisively to the opening
of the Kondo gap in their density of states. These correlations are produced by
the interaction between moments on the neighboring sites of the lattice.
For simplicity, we solve the problem on a two dimensional square lattice. The
starting point of the model is the 4f − Ce ions orbitals, with J = 5/2 multiplet
in the presence of spin-orbit coupling. We present results for the Kondo and
for the antiferromagnetic correlation functions. We calculate the phase diagram
of the model, and as we vary the Ef level position from the empty regime to
the Kondo regime, the system develops metallic and topological Kondo insulator
phases. The band structure calculated shows that the model describes a strong
topological insulator.
PACS numbers: 72.10.Fk, 07.79.Fc, 85.75.-d, 72.25.-b
Keywords: Topological Kondo Insulators, Short-range magnetic correlations,
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1. Introduction
The behavior of heavy fermion materials is charac-
terized by the competition between the Kondo effect,
which tends to prevent a magnetic order in the system,
and Ruderman-Kittel-Kasuya-Yosida (RKKY) interac-
tion, which tends to magnetize the system. To describe
the properties of these systems, it is necessary to take
into account these two tendencies on an equal foot-
ing. It turns out that some cerium compounds such
as CeAl3, CeCu6, and CeRu2Si2 are non-magnetic at
very low temperatures and exhibit a Fermi liquid be-
havior, while other compounds, such as CeAl2, CeB6,
and CeIn3 exhibit an antiferromagnetic order at low
temperatures. This competition in heavy fermion sys-
tems has been previously studied by Doniach [1] and
after that by Coqblin et al. [2, 3], who introduced
a generalization of the Kondo Hamiltonian that takes
into account the Kondo effect and the short-range mag-
netic correlations (SRMC) on an equal footing. They
solved the Hamiltonian using a technique similar to the
slave-boson mean field theory (SBMFT) [4].
Kondo insulators (KI) have been studied inten-
sively since their classification as highly correlated in-
sulator systems by Aeppli and Fisk [5]. Among the
large number of metallic rare earth compounds, there
are some that exhibit insulator behavior, as for exam-
ple: Ce3Bi4Pt3, SmB6, and Y bB12. These materi-
als exhibit a very small gap originating from localized
(f-electrons) and conduction (c-electrons) electron hy-
bridization, and at high temperatures, Ce, Sm and
Y b ions exhibit local moments and share their high-
temperature properties with Kondo metals. The mag-
netic susceptibility obeys the classic Curie-Weiss law
χ ≈ M2ni/3(T + Θ) [6], with M being the magnetic
moment, ni the magnetic moment concentration, and
Θ the Curie-Weiss temperature, a phenomenological
scale that takes into account the interactions between
magnetic moments.
Our main aim in this paper is to study a novel
class of 4f and 5f orbital intermetallic materials: the
topological Kondo insulators (TKI), of which SmB6 is
the first example [7, 8]. Experimental measurements
on the resistivity and susceptibility of doped SmB6,
detected that the transport and spin gaps exhibit
approximately the same energy interval, Eg ≃ (10 −
10.5) meV , and develop below 70 K, due to the
strong correlation between localized 4f states and the
conduction 5d band. This strong interaction gives rise
to a bulk insulating state at low temperatures, while
the surface remains metallic. This effect arises due to
the inversion of even parity conduction bands and odd
parity localized electron bands.
We are interested in investigating the role of the
short-range antiferromagnetic correlations (SRAFC) in
the gap opening of the topological Kondo insulators.
These correlations are produced by the interaction
between moments on neighboring sites of the lattice.
There are some experimental results obtained by
inelastic neutron scattering (INS) of some Kondo
insulators: Y bB12 [9], SmB6 [10], and CeNiSn [11, 12]
that support the existence of such correlations in
these systems. At low temperatures, the INS spectra
typically exhibit, response peaks within the interval
[1 − 20] meV , which seem to be directly related to
the low energy spin-gap structure of the compound,
and which disappear as the temperature is increased.
The SRAFC lead to the formation of low energy peak
structures at around ~ω = 10 meV for Y bB12 [9], at
~ω = 14.5 meV for SmB6[10], and at ~ω = 2 meV
and ~ω = 4 meV for CeNiSn[12], corresponding to
different directions.
Another strong piece of evidence of the existence
of the SRMC in some Kondo insulators is provided
by high pressure experiments [13, 14]. Resistivity
measurements on SmB6 performed by J. Derr et al.
[15] under optimum hydrostatic conditions, employing
a diamond anvil cell with argon as a pressure medium,
showed that the insulating state vanishes, due to the
closing of the topological Kondo gap (TKG), at a
pressure of around P = 10 GPa, where a homogeneous
long range magnetic order appears. The magnetic
ordering temperature TM corresponds to a minimum
of the resistivity ρ and may mark an antiferromagnetic
ground state with zone boundary reconstruction or
nesting effects. They also obtained the phase diagram
of the system. In a recent article [16], measurements
of the pressure dependence of the SmB6 indicate that
the material maintains a stable intermediate valence
character up to a pressure of at least 35 GPa, and
the closure of the resistive activation energy gap and
onset of magnetic order at P = 10 GPa are not
driven by stabilization of an integer valence state.
This unexpected results seems to indicate that the
compound supports a non trivial band structure.
In the case of the SmB6, the spin-orbit interaction
lifts the f-level multiplet degeneracy, generating two
levels: the ground state with J = 5/2 and an
The role of short-range magnetic correlations in the gap opening of topological Kondo insulators 3
excited state with J = 7/2. Generally, the state
J = 7/2 is not considered, nor any boron state (B6),
because ab initio calculations [17] indicate that they
are far away from the Fermi level. Now considering
the ground state J=5/2, the crystal field corrections
due to Samarium ions, split this state according to
the irreducible representations of the cubic group Oh
into two degenerate states: Γ8(4) (ground state) and
Γ7(2) (excited state), where the number in parenthesis
represents the degeneracy of the level. The Γ8 states
of the quartet have lobes along the axial directions:
Γ
(1)
8 (2) along the x and y-axes, and Γ
(2)
8 (2) along the
z-axis [18].
In this paper, we only consider the two-fold
bi-dimensional irreducible representation Γ
(1)
8 , which
produces a V-shaped density of states in the TKI
regime, and is a Kramers doublet whose form factor
[Φ]σα(k) can be represented by a 2x2 matrix. This
represents the hybridization between the conduction
electrons characterized by the label σ and the localized
electrons characterized by the label α = ±. It is
important to stress that the formalism developed here
is sufficiently general to be applied to the “minimum
model” defined in the paper by Dzero et al.[19, 20] to
describe the low temperature physics of the SmB6, in
which the Γ8 quartet hybridizes with the eg quartet
(Kramers doublet plus spin degeneracy).
To solve the full problem, we must include the Γ
(2)
8
irreducible representation in the calculations for a tight
binding three-dimensional lattice. The generalization
to this case is straightforward, but the numerical
computation cost increases greatly, mainly in the
calculation of the density of states. We do not present
such calculations here because the focus of this paper
is the study of the role of the SRAFC in the gap
formation of some Kondo insulators. However, the
results obtained in the present paper should be relevant
to the study the Kondo insulator CeNiSn, which
exhibits a spin gap originating from SRAFC [11, 12]
and a V-shaped density of states [21, 22, 23].
This paper is organized as follows: in Sec. 2, we
define the periodic Anderson model in terms of the
X Hubbard operators and present the calculation of
the Green’s functions. In Sec. 3, we discuss the basic
theory of the X-boson approach and the calculation
of related parameters. In Sec. 4, we discuss the
results and their physical consequences. In Sec. 5
we summarize the results and present the concluding
remarks. Finally, in Appendix A we develop the
mean field calculation of the Heisenberg Hamiltonian
employed in the paper and in Appendix B we discuss
some details of the calculation of the cumulant Green’s
functions with the inclusion of the direct hopping
between nearest-neighbors sites of the lattice.
2. The periodic Anderson model
TKI have been studied employing slave boson mean
field theory (SBMFT) [4], at the limit of infinite
Coulomb repulsion U → ∞ [24, 25] and for finite
correlation U [26]. SBMFT is less adequate for
describing intermediate valence (IV) systems like the
new TKI SmB6, due to the presence of an unphysical
temperature second order phase transition where
conduction and localized electrons decouple from each
other. To circumvent these problems, maintaining the
simplicity of the calculation and the ideas involved
in SBMFT, we generalize our previous work on the
X−boson approach [27] to the periodic Anderson
model (PAM), considering f electrons states with a
total angular momentum J and z-axis component M ,
while the conduction electron states are described by
momentum k and spin σ. The spin-orbit coupled
Wannier states of the conduction electrons are then
decomposed in terms of plane-wave states, and give rise
to a momentum-dependent hybridization characterized
by form factors with symmetries that are uniquely
determined by the local symmetry of the f states [25].
The X-boson approach to the periodic Anderson
model [27] at the limit of infinite Coulomb correlations
(U = ∞) has been already studied, employing the
cumulant expansion [28, 29]. In these papers, the
Hubbard operators Xj,ab=|j, a〉 〈j, b| were employed,
where the set {|j, a〉} is an orthonormal basis in the
space of interest. Projecting out the components with
more than one electron from any local state at site j,
one obtains
H = Ho +Hh (1)
with
Ho = Hc +H
o
f , (2)
where
Hc =
∑
kσ
Ek,σc
†
k,σck,σ (3)
is the Hamiltonian of the conduction electrons (c-
electrons), with momentum ~k and spin σ, and
Hof =
∑
jα
Ef,αXj,αα, (4)
corresponds to independent localized electrons (f -
electrons), with pseudospin α belonging to the
representation Γ
(1)
8 of the multiplet state at the site
j. The last term in Eq.(1)
Hh =
∑
jα,kσ
(
Vj,σα(k)X
†
j,αck,σ + V
∗
j,σα(k)c
†
k,σXj,α
)
,(5)
is the hybridization Hamiltonian giving the interaction
between the c-electrons and the f -electrons, with
Vj,σα(k) = (1/
√
Ns)Vσα(k) exp (ik.Rj), where Rj
is the position of site j and Ns is the number of
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lattice sites. We should note that this interaction
conserves the spin component σ. Since there is
no local hybridization process between conduction
(s−electrons) and localized (f−electrons) eletrons in
rare earth ions, the hybridization results from the
nearest-neighbor hopping from the f electrons at a site
j to the s electrons in the vicinity of this site [25]. We
will consider the site j independent hybridization.
Since the treatment employs the grand canonical
ensemble, instead of H we will use
H = H − µ
∑
k,σ
c†k,σck,σ +
∑
jα
ναXj,αα
 , (6)
where νa = 0, 1 is the number of electrons in state
| a >. It is then convenient to define
εk,σ = Ek,σ − µ , (7)
and
εf,α = Ef,α − µ (8)
because Ek,σ and Ef,α appear only in that form in all
the calculations.
In order to take into account the short-range
magnetic correlations between neighboring f-electrons
of the lattice, we include in Eq. 6 the Heisenberg
Hamiltonian
H ′f = −JH
∑
〈i,j〉
Si · Sj , (9)
where JH represents the exchange integral and
the operators S(i,j) represent the nearest-neighbors
magnetic moments of the i, j sites of the lattice. When
JH < 0 (JH > 0) the magnetic correlations favor
antiferromagnetism (ferromagnetism). Expressing
the Heisenberg Hamiltonian in terms of Hubbard
operators, we show in Appendix A that at a mean field
level, this Hamiltonian can be put into the form
H ′f =
∑
i,j,α
ti,j,α X
†
i,0αXj,0α, (10)
where
ti,j,α = −1
2
JH〈X†iαXjα〉, (11)
represents the correlated hopping of f electrons
between neighboring sites of the lattice and ti,j,α =
t∗j,i,α to satisfy the Hermitean character of the
Hamiltonian. The function 〈X†iαXjα〉 is a quantity
that measures the correlation between neighboring f -
electrons of the lattice and must be calculated self-
consistently.
The X-Hubbard operators are adequate to work
with local states associated with the sites j of a
lattice, and are defined in general by Xj,ab=|j, a〉 〈j, b|,
where the set {|j, a〉} is an orthonormal basis in the
space of local states of interest. They do not satisfy
the usual commutation relations, and therefore the
diagrammatic methods based on Wick’s theorem are
not applicable. Instead of commutation relations, one
has the product rules Xj,ab.Xj,cd = δb,cXj,ad, and
we will use a cumulant expansion that was originally
employed by Hubbard [28] to study his model. This
expansion was later extended to the PAM [29], but
here we will have to make a further extension in
order to include the Heisenberg Hamiltonian H ′f in the
perturbation H1,
H1 = Hh +H
′
f . (12)
When U → ∞, the identity Ij at site j should satisfy
the completeness relation:
Xj,00 +Xj,(++) +Xj,(−−) = Ij , (13)
where the first Hubbard operator represents the
vacuum state and the last two, with the labels
(++) and (−−), represent the pseudospin components
associated with the Kramer doublet of the irreducible
representation Γ
(1)
8 . The occupation numbers nj,α =
〈Xj,αα〉 can be calculated from appropriate Green’s
functions (GF), and assuming translational invariance
we can write nj,α = nα (independent of the site j), so
that we can write
no + n+ + n− = 1. (14)
In a way similar to SBMFT [4], the X-boson
approach consists of adding the product of each Eq.
(13) times a Lagrange multiplier Λj to Eq. (6), and the
new Hamiltonian generates the functional that we will
minimize employing Lagrange’s method. We introduce
the parameter
R ≡ 〈Xoo〉, (15)
and we call the method “X-boson” because the
Hubbard operator Xj,oo has a “Bose-like” character
[29], but note that we do not write any X operator
as a product of ordinary Fermi or Bose operators as
in SBMFT, but retain them in their original form.
Imposing the completeness relation (Eq. 13) on the full
Hamiltonian given by Eqs. 6 and 10, and introducing
the Lagrange multiplier Λj = Λ, we obtain a new
Hamiltonian
H =
∑
kσ
ǫk,σc
†
k,σck,σ +
∑
jα
ε˜f,αXj,αα
+
∑
jα,kσ
(
Vσα(k)X
†
j,αck,σ + V
∗
σα(k)c
†
k,σXj,α
)
+
∑
i,j,α
ti,j,α X
†
i,αXj,α +NsΛ(R− 1), (16)
but with a renormalized localized energy
ε˜f,α = εf,α + Λ. (17)
In Appendix A, we show that in the presence of
hybridization and hopping between nearest-neighbor
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f -electrons, the mean field Green’s functions [27] are
given by:
Gffkσ,α(zn) =
−Dα (zn − εkσ)(
zn − εfkα
)
(zn − εkσ)− |Vσα(k)|2Dα
,(18)
Gcckσ,α(zn) =
−
(
zn − εfkα
)
(
zn − εfkα
)
(zn − εkσ)− |Vσα(k)|2Dα
,(19)
Gfckσ,α(zn) =
− D0αVσα(k)(
zn − εfkα
)
(zn − εkσ)− |Vσα(k)|2Dα
,(20)
where we consider the analytic continuation of the
Matsubara frequencies zn → ω + iη to the real axis
and εfkα = ε˜f,α + DαEkα with Dα = 〈Xoo〉 + 〈Xαα〉.
In order to obtain explicit results for the X-boson
parameters, we will consider a spin independent tight-
binding conduction band with hopping t between
nearest-neighbors on a two-dimensional (2D) square
lattice [30]
Ekα = −
∑
l
ti,i+l,α exp[ki.Rl], (21)
where k = (kx,ky). Considering the site i as the origin
and substituting Eq. 11 into Eq. 21 we obtain
Ekα = −1
2
JH〈X†iαXjα〉εk, (22)
with
εk = −2t
∑
i=x,y
[cos(kia)]− µ, (23)
where a is the lattice parameter and we also consider
t = tx = ty.
3. The X-boson approach
In this section, we extend the X-boson treatment [29]
to the model studied in this paper, and we will also
discuss the thermodynamic potential Ω = −kBT ln(Q),
where Q is the grand partition function and kB
is the Boltzmann constant. A convenient way of
calculating Ω is to employ the method of ξ parameter
integration [31]. This method introduces a ξ dependent
Hamiltonian H(ξ) = Ho + ξH1 through a coupling
constant ξ (with 0 ≤ ξ ≤ 1), where H1 is given by Eq.
(12). For each ξ, there is an associated thermodynamic
potential Ω(ξ) that satisfies:(
∂Ω
∂ξ
)
Vs,T,µ
= 〈H1(ξ)〉ξ, (24)
where < A >ξ is the ensemble average of the operator
A for a system with Hamiltonian H(ξ) and the given
values of chemical potential µ, temperature T , and
volume Vs. Integrating this equation gives
Ω = Ωo +
ˆ 1
0
dξ〈H1(ξ)〉ξ , (25)
where Ωo is the thermodynamic potential of the system
with ξ = 0. This value of ξ corresponds to a
system without hybridization and without hopping of
f -electrons. One obtains in the absence of magnetic
field
Ωo =
(−1
β
)∑
kσ
ln
[
1 + e−βεkσ
]
+(−Ns
β
)
ln
[
1 + 2e−βε˜fα
]
+NsΛ(R− 1). (26)
In the present paper, the perturbation has two
different types of contributions: the hybridization Hh
and the hopping of the f -electrons H ′f . The average
〈Hh〉ξ and its corresponding contribution to Ω have
already been calculated in reference [27] for the system
without f -electron hopping. Including the H ′f in the
perturbation H1 and following the same technique
employed in this reference, one obtains
〈H1〉ξ =
1
π
∞ˆ
−∞
dω nF (ω)
∑
k,ασ
Im
 ξ |Vσα(k)|2 − Eskα (ω+ − εk)(
ω+ − εf − ξ Eskα
)
(ω+ − εk)− ξ2 |Vσα(k)|2
 ,(27)
where nF (x) = 1/
[
1 + eβx
]
is the Fermi-Dirac
distribution and ω+ = ω + iη.
As in the case of the system with H ′f = 0, Eq. (27)
has an interesting scaling property: it is equal to the
corresponding expression of the uncorrelated system
for the scaled parameters V σα(k) and Eskα (it is enough
to remember that by replacing Dα = 1 in the GF given
by Eqs. 18-20, one obtains the corresponding GF of the
uncorrelated system). Rather than performing the ξ
and ω integrations, we will use the value of the Ωu for
the uncorrelated system with V σα(k) =
√
DαVσα(k)
and Eskα = Ekα Dα, and then employ Eq. (25) to
calculateˆ 1
0
dξ〈Hu1 (ξ)〉ξ = Ωu − Ωuo , (28)
where considering V j,k,σ = Ekα = 0, we can write
Ωuo =
(−1
β
)∑
kσ
ln
[
1 + e−βεkσ
]
+(−Ns
β
)
ln
[
1 + e−βε˜fα
]2
+NsΛ(R− 1). (29)
Substituting Eq. 28 into Eq. 25, we can write
Ω = Ω0 +Ω
u, (30)
where
Ω0 ≡ Ωo−Ωuo =
(
−Ns
β
)
ln
{
1 + 2 exp(−βε˜fα)
[1 + exp(−βε˜fα)]2
}
.(31)
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In our case, the unperturbed Hamiltonian for the
lattice problem is
Hu =
∑
kσ
εk,σ c
†
k,σck,σ +
∑
kα
εfkα f
†
k,αfk,α +∑
kσ,α
(
V σα(k) f
†
k,αck,σ + V
∗
σα(k)c
†
k,σfk,α
)
+
NsΛ(R − 1), (32)
where εfkα = ε˜f,α +DαEkα, ε˜f,α = E
o
f,α + Λ − µ and
Ekα is given by Eqs. (22) and (23).
This Hamiltonian can be easily diagonalized, and
the corresponding Hu can be written as
Hu =
∑
kσ,α
ωkσ,αv
†
kσ,αvkσ,α +NsΛ(R− 1) , (33)
where v†kσ,α (vkσ,α) are the creation (destruction)
operators of the composite particles of energies ωkσ,α.
The calculation of
Ωu =
(−1
β
)∑
kσ,α
ln [1 + exp(−β ωkσ,α)] +
NsΛ(R − 1), (34)
is straightforward, and substituting Eq. 34 into Eq. 30
we can write
Ω = Ω0 +
(−1
β
) ∑
kσ,α,ℓ=±
ln [1 + exp(−β ωkσ,α(ℓ)] +
NsΛ(R − 1). (35)
The Hamiltonian Eq. 32 can be written in a
compact form [25]
Hu =
∑
k
Ψ†(k)Hu(k)Ψ(k) +NsΛ(R − 1), (36)
with
Hu(k) =

εk V σα 0 0
V
∗
σα ε
f
kα 0 0
0 0 εk −V σα
0 0 −V ∗σα εfkα
 , (37)
where Ψ†(k) = (c†k,↑f
†
k,(−)c
†
k,↓f
†
k,(+)) is a four
component Dirac spinor. The hybridization exhibits
a more complex k dependence V σα(k) =
√
DσVΦ(k)
where |Vσα(k)|2 = Dσ|V |2∆2(k) with
∆2(k) =
1
2
Tr[Φ†(k).Φ(k)], (38)
where [Φ]σα(k), is the form factor, which is associated
with the k dependence and the non trivial orbital
structure of the hybridization. Following the derivation
presented in reference [25], the form factor can be
written as [30] Φ(k) = d(k) ◦ σ, with σ being the
Pauli spin matrices. For the bi-dimensional irreducible
representation Γ
(1)
8 , d(k) = 2[sin(kx), sin(ky)], and the
result for the k dependent hybridization function is
∆2(k) = 4[sin2(kx) + sin
2(ky)]. (39)
The eigenvalues ωkσ,α of the Hu are just given
by the poles of the GF in the mean field equations:
Eqs. (18 - 20). Due to the conservation of k, the
Hamiltonian is reduced into Ns matrices 2× 2 for each
spin component σ, and each pseudospin α belongs to
the representation Γ
(1)
8 , as indicated in the matricial
Eq. 37. In this way, the ωkσ,α can be calculated
analytically
ω±kσ,α =
1
2
(
εk,σ + ε
f
k,α
)
±
1
2
√(
εk,σ − εfk,α
)2
+ 4|V |2Dα∆2(k). (40)
In an earlier paper [32], we showed that expanding
Φk for small values of kx and ky, we obtain an effective
Dirac theory given by the Hamiltonian
Hu(k) =

εk V 0 0
V
∗
εfkα 0 0
0 0 εk −V
0 0 −V ∗ εfkα
 , (41)
where V = 2V
√
Dσ[(1 − i)kx + (1 + i)ky] and whose
spectrum can be written in a Dirac form
E±(k) = ε±
√
A2(k2x + k
2
y) +M
2, (42)
with ε = (εk + ε
f
kα)/2, M = (εk − εfkα)/2 and
A2 = 8V 2Dσ. This discussion shows that the X-boson
captures the behavior of the Dirac cones in the spectral
density at around the X point of the Brillouin zone as
indicated in Fig. 12.
The correlations appear in the X-boson approach
through the renormalization of the f localized electron
energy εfkα and through the quantity Dα = R + nfα,
with R = 〈X0,0〉 and nfα = 〈Xαα〉. The quantity
Dα must be calculated self-consistently through the
minimization of the corresponding thermodynamic
potential with respect to the parameter R and the
result for the X-boson parameter Λ is
Λ =
−1
4π2
ˆ π
−π
ˆ π
−π
dkxdky
{
EkαF+kσ,α + (43)[
2V 2∆2(k) + Ekα(ε
f
kα − εk,σ)
]
F−kσ,α√(
εk − εfkα
)2
+ 4V 2Dα ∆
2(k)
}
, (44)
where F+kσ,α = nF (ω(+)k ) + nF (ω(−)k ) and F−kσ,α =
nF (ω
(+)
k )− nF (ω(−)k ).
After the numerical calculation of the parameter
Λ, we calculate the localized (nf ) and the conduction
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(nc) occupation numbers, employing the mean field
Green’s functions, Eqs. 18-20
nf,c =
(−1
π
)
Im
∞ˆ
−∞
dωnF (ω)×
(
1
4π2
) ˆ π
−π
ˆ π
−π
dkxdkyG
f,c
kσ,α(ω). (45)
With these results we calculate the total number of
particlesNt = 2(nf+nc), which is maintained constant
during all the self-consistent calculations, whereas the
chemical potential µ varies freely. All the calculations
are repeated until the convergence of the short-
range antiferromagnetic correlation (SRAFC) function〈
X†iαXjα
〉
and the X-boson parameters Λ and R is
attained.
The density of states is obtained numerically
through the relation
ρ(ω) =
( −1
4π3
)
Im
ˆ π
−π
dkx
ˆ π
−π
dky
ω − ωk(±) + iη , (46)
where ωk(±) is given by Eq. 40.
To quantify the SRAFC between neighboring f-
sites of the lattice we employ the nearest-neighbor
Green’s function
Gijkσ,α(zn) =
1
Ns
∑
k
Gffkσ,α(zn)e
ik·(~ri−~rj) (47)
and considering the tight binding square lattice the
SRAFC can be written as [33]
〈X†iαXjα〉 =
( −1
4π3
)
Im
∞ˆ
−∞
dωnF (ω)×
ˆ π
−π
ˆ π
−π
dkxdkyεkG
ff
kσ,α(ω). (48)
In the same way, we can also calculate the Kondo
correlation function
〈X†iαckσ〉 =
( −1
4π3
)
Im
∞ˆ
−∞
dωnF (ω)×
ˆ π
−π
ˆ π
−π
dkxdkyG
fc
kσ,α(ω), (49)
where Gffkσ,α(zn) is the localized Green’s function and
the Gfckσ,α(zn) is the crossed Green’s function given by
Eqs. 18 and 20, respectively.
4. Results and discussion
In this paper we consider the hybridization as V = 0.5t
and all the calculations were performed considering the
total number of particles to be constant. We employ
Nt = 2.0 for the slave boson, which corresponds to
the half-filling case and always produces an insulator
independent of the Ef value. In the X-boson approach,
we employ Nt = 1.666, which also corresponds to the
half-filling case at the limit of infinite correlation. The
Nt assumes this value because the strong correlation
shrinks the f -band area and the system can exhibit
metallic or TKI phases, depending on the Ef value.
All the parameters employed in a particular calculation
are presented in the corresponding figure.
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Figure 1. (Color online) The X-boson short-range antiferro-
magnetic correlation (SRAFC) function 〈X†iαXjα〉 vs. the Ef
level position, for different temperatures values. In the inset we
represent the occupation numbers nf,c.
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α
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T=0.1t
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JH=-0.10t
Slave boson
Elimitf
Figure 2. (Color online) The SBMFT short-range antiferro-
magnetic correlation (SRAFC) function 〈X†iαXjα〉 vs. the Ef
level position, for different temperatures values.
In Figs. 1 and 2, we plot the SRAFC function
for the X-boson and SBMFT, respectively, both as
a function of the f level position Ef , for different
temperatures. At high temperatures, in both cases,
the functions are smooth, indicating that the magnetic
moments of the atoms are uncorrelated and distributed
at random. As the temperature is lowered, the SRAFC
becomes more effective and the X-boson correlation
functions, plotted in Fig. 1, develop a sharp minimum
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in the region of the formation of the TKI. The
topological Kondo insulator is obtained when nf =
0.666, and as the c-band is uncorrelated, it continues
to have nc = 1.0, as indicated in the inset of the Fig.1.
On the other hand, Fig. 2 shows that the SBMFT is
not able to capture these antiferromagnetic correlations
properly; it only develops a plateau when nf goes to
the unit and Ef goes to E
limit
f , as indicated on the
left corner of the figure, where SBMFT breaks down.
The SBMFT exhibits insulator behavior for any Ef
value, while the X-boson exhibits topological insulator
behavior only at around the Ef value, where the
correlation function 〈X†iαXjα〉 exhibits its minimum
and metallic behavior for other values of Ef .
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Figure 3. (Color online) The X-boson Kondo correlation
function for different temperatures values, 〈X†iαckσ〉 vs. the
Ef level position. In the inset we represent the ξ closing gap
equation corresponding to the high symmetry points of the
Brillouin zone: Γ, X and M .
In Fig. 3, we plot the Kondo correlation
function 〈X†iαckσ〉 for the X-boson as a function
of the Ef level position, for different temperatures
and for the same parameter values employed in Fig.
1. At high temperatures, the functions are smooth,
indicating that the magnetic moments of the atoms
are uncorrelated and distributed at random. As the
temperature is lowered, the 〈X†iαckσ〉 develops a sharp
minimum in the region where the SRAFC is more
intense, indicating that both processes, the SRAFC
and Kondo correlations, act in the development of the
topological Kondo gap (TKG) formation. In the 2D
case studied here, we obtain a single-band inversion
only at the X point of the Brillouin zone, which
agrees with earlier studies [34] and from the analytical
expression [26]
ξ = −DσJH〈X†iαXjα〉/2 =
1 + ε˜f/2t[cos(kx) + cos(ky)], (50)
with ε˜f = Ef + Λ − µ, we obtain the closure of the
gap at the X point, when ξ(X) → 1, as indicated in
the inset of Fig. 3 and 12. For the particular set of
parameters employed in our calculations, this limit is
attained for Ef = −0.912t, when ε˜f → 0 and µ = 0.
The interesting point of the earlier results is
that the X-boson approach is able to capture the
competition between SRAFC and the Kondo effect
in the IV region, characterized by the development
of a sharp minimum in the correlation functions at
low temperatures. SRAFC favors the formation of
magnetic moments on the atoms, and at the same
time the existence of those moments opens up the
possibility of spin-flip scattering by the conduction
electrons, generating the Kondo effect. Since we are
in the intermediate valence region, with the localized
occupation number being nf = 0.666, none of these
correlation processes wins over the other, and they
act in a cooperative way to open the TKG. The
competition between these two processes at the Kondo
limit, where nf ≃ 1, is well described by the Doniach
diagram [1, 3]. At this limit, this competition is
stronger, and the system attains some magnetic order,
generally antiferromagnetic, or goes to the heavy
fermion Kondo regime, where the system is a Fermi
liquid and never develops magnetic order, even at very
low temperatures.
0
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0
2
4
ω
/t
Ef=-1.50t
Ef=-0.9125t
Ef=0.0t
X
Ef=-0.912t
V=0.5t
T=0.0001t
Nt=1.666
JH=-0.10t
ΓX MΓ
M
µ
Γ
Figure 4. (Color online) Energy bands governed by the X-
boson approach. The calculations were performed along the high
symmetry points of the Brillouin zone Γ→ X →M → Γ.
In Fig. 4, we represent the X-boson energy
spectrum for some representative Ef values: Ef = 0.0t
in the low occupation region, Ef = −0.912t at the
critical point, where the condition for the development
of the TKI occurs, and at Ef = −1.5t in the Kondo
region. The calculations were performed along the high
symmetry points of the Brillouin zone: Γ → X →
M → Γ. In the inset of the figure, we show the exact
position where the gap closes with the formation of
the Dirac cone at the X point, where a band inversion
occurs. The presence of correlations changes the
situation in relation to the previous analysis employing
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uncorrelated bands [26] or SBMFT [19, 24], where the
topological transition occurs between insulators states.
Here the transition occurs between metallic states,
represented by the energies Ef = 0.0t and Ef = −1.5t,
where the chemical potential crosses band states twice,
which indicates a metallic topologically trivial phase.
The system also exhibits a topologically non-trivial
phase, which defines the TKI, where a band inversion
occurs and the chemical potential crosses band states
only once. This situation is represented in the phase
diagram of Fig. 8.
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T=0.0001t
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JH=-0.10t
µ=0
Figure 5. (Color online) Energy spectrum governed by the X-
boson approach along the x−axis, k = kx, with open boundaries
in the y direction.
In Fig. 5, we represent the X-boson energy
spectrum at the critical point Ef = −0.912t, where
the condition for the development of the TKI occurs.
The calculations were performed along the x-axis, k =
kx with open boundaries in the y direction. The
figure shows the formation of Dirac cones at X points
corresponding to the critical Ef = −0.912t value and
the chemical potential µ = 0. The band structure
defines a strong topological insulator [24]. In the inset
of the figure we show the exact positions where the gap
closes.
In Fig. 6, we plot the Kondo correlation function
〈X†iαckσ〉 for the X-boson, considering different JH
values, as a function of the Ef level position. As we
increase the SRAFC, characterized by the parameter
JH , the range of values around the minimum increases
and the minimum of the curve points directly to
the position of the Ef value that defines the TKI.
The slight displacement of the Ef values to the left
indicates the increase of the Kondo correlations present
in the system once the localized occupation numbers
increases, as indicated in the inset of Fig. 1.
In Fig. 7, we represent the X-boson density of
states of the localized and conduction electrons at
the chemical potential µ = 0, as a function of JH .
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Figure 6. (Color online) The Kondo correlation function
〈X†iαckσ〉, for different JH values, vs. Ef level position.
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Figure 7. (Color online) X-boson density of states of the
localized and conduction electrons at the chemical potential
µ = 0, as a function of JH . In the inset, we represent the Kondo
correlation function in logarithmic scale.
This result indicates that the TKG is induced by the
SRAFC. As we vary the JH parameter, at around
JH ≃ 0.10t the curve exhibits a sharp minimum. In
the inset of the figure, we plot the Kondo correlation
function, which exhibits a minimum in exactly the
same region where the TKG appears in the main panel,
which indicates a close relation between the Kondo
effect and SRAFC in the formation of the TKG.
In Fig. 8, we plot the X-boson density of states
of localized ρf (µ) and conduction ρc(µ) electrons, at
the chemical potential µ, as a function of the localized
level Ef . The system exhibits a metallic behavior
for all the Ef values except in the topological Kondo
insulator (TKI) region −0.925t . Ef . −0.895t. As
discussed in the beginning of this section, only when
Nt = 1.666 does the development of the topological
Kondo insulator occur, and the chemical potential is
located inside the gap. This result contrast with the
SBMFT [24, 25], where for total occupation Nt = 2.0,
and independent of the Ef values the system is always
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Figure 8. (Color online) X-boson density of states of localized
ρf (µ) and conduction ρc(µ) electrons, at the chemical potential
µ, as a function of the localized level Ef . The capital letters
in the figure represent: metallic region (Metal) and topological
Kondo insulator (TKI).
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Figure 9. (Color online) Chemical potential as a function of
the localized level energy Ef calculated employing the X-boson
approach and the SBMFT, for different JH values.
an insulator, and the magnitude of the gap increases
indefinitely as Ef goes to the Kondo limit. Our phase
diagram is consistent with pressure experiments of
SmB6 which show an insulator-metal transition due
to the gap closing, followed by a long range magnetic
order at approximately P = 10 GPa [15]. In the inset
of the figure, we plot a detail of the TKG; the minimum
of ρf,c(µ) occurs at Ef = −0.912t.
In Fig. 9, we plot the X-boson chemical potential
as a function of the localized level Ef for representative
JH values. The most prominent fact here is the sharp
transition exhibited by the chemical potential when
crosses the Kondo topological region. It is worth
pointing out that when the magnitude of JH increases,
the TKG opens at a more negative Ef value position
(from Ef = −0.88t for JH = −0.01t, to Ef = −0.93t
for JH = −0.15t), indicating that the SRAFC acts to
reinforce the Kondo effect.
In the X-boson approach, the strong correlation
is reflected in the shrinking of the f -band area to
Dα = 0.666 whereas the conduction band, which is
uncorrelated, continues to have an area equal to the
unit. For the sake of comparison, we also plot the
SBMFT results calculated employing Nt = 2.0 and
JH = −0.10t. The SBMFT exhibits a plateau at
around the region −0.80t . Ef . −0.65, which is the
Kondo region of the model (nf = 1.0 for Ef = −0.80).
For Ef . −0.80, the SBMFT breaks down. This
result indicates that in the IV region, the SBMFT
does not capture the strong electronic correlation of the
localized f-electrons exhibited by the X-boson results.
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Figure 10. (Color online) X-boson density of states of the
localized and conduction electrons with JH = 0. In the inset we
represent the density of states, in a logarithmic scale, to show
the V-shape character of the conduction topological Kondo gap.
In Fig. 10, we represent the X-boson density
of states of the localized and conduction electrons,
without considering the SRAFC (JH = 0.0). The
particular k dependence of the hybridization (cf. Eq.
39), characterized by the representation Γ
(1)
8 , leads
to the opening of a V-shaped conduction electrons
hybridization gap, as indicated in the inset of the
figure. However, the localized electron density of states
remains finite within all the frequency range, resulting
in a metallic phase.
In Fig. 11, we plot the X-boson density of states
of the localized and conduction electrons, but now
turning on the SRAFC. We consider different JH and
Ef values: (JH = −0.05t ; Ef = −0.896t), (JH =
−0.10t ; Ef = −0.912t), and (JH = −0.15t ; Ef =
−0.93t). Now, due to the existence of the SRAFC, the
localized density of states opens a gap at the chemical
potential (TKG). The curves show an enlargement of
the gap as the magnitude of the JH parameter increases
as well as a steep increase of the edge peaks. At the
same time, the localized Ef values vary from Ef =
−0.896 to Ef = −0.93t, which indicates an increase
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Figure 11. (Color online) X-boson density of states of the
localized and conduction electrons considering different JH
values.
of the Kondo character of the system. In the inset,
we represent the conduction density of states, which is
practically insensitive to the SRAFC. From this result
it is clear that the Γ
(1)
8 representation by itself is not
sufficient to describe the physics of the topological
Kondo insulators like the SmB6, which exhibits a true
gap in the density of states, but it can be relevant to the
study of the Kondo insulator CeNiSn, which exhibits
a spin gap originated from SRAFC [11, 12] and a V-
shaped density of states [21, 22, 23].
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Figure 12. (Color online) X-boson density of states of the
localized and conduction electrons. In the inset we represent the
density of states in a logarithmic scale for different temperatures.
In Fig. 12, we plot the X-boson density of states of
the localized and conduction electrons as a temperature
function. Now, due to the existence of SRAFC, both
the localized and the conduction density of states open
a gap at the chemical potential (TKG), producing a
V-shaped gap at around the critical Ef = −0.912t
value. In the inset of the figure, we plot a temperature
dependence of this V-shaped gap. As we increase the
temperature from T = 0.0001t to T = 0.01t the gap
remains unchanged. However, for temperatures T >
0.05t, the thermal effects act in a more effective way,
and the gap is reduced and undergoes a displacement
to below the chemical potential and disappears at high
temperatures. At T = 0.2t, the localized density of
states crosses the chemical potential, and the system
undergoes an insulator-metal transition. As happens
in real Kondo insulators, once at high temperatures
they behave as dirty metals.
5. Conclusions
Considering several experimental results, obtained
via inelastic neutron scattering (INS), in the Kondo
insulators Y bB12 [9], SmB6 [10] and CeNiSn [11, 12],
we employed the X-boson method [27] to take into
account the short-range antiferromagnetic (SRAFC)
correlations in these systems.
We have shown that in the intermediate valence
region (IV regime), the SRAFC favors the formation
of magnetic moments on the atoms, and at the same
time, the existence of such moments open up the
possibility of spin-flip scattering by the conduction
electrons, generating the Kondo effect. Contrary to
the heavy fermion limit, described by the Doniach
diagram [1], whose correlation effects generate a
strong competition between magnetic moments and
conduction electron scattering, inducing the system to
attain some magnetic order or remain in the Kondo
Fermi liquid regime, in the intermediate valence region
those correlations act in a cooperative way to open
the spin gap and generate the TKG. We also study
the evolution of the TKG with increasing temperature,
and we obtain that at high temperatures the system
undergoes an insulator-metal transition, as happens in
real Kondo insulators.
We also calculated the band structure along the
high symmetry points of the Brillouin zone Γ → X →
M → Γ. We showed that the gap closes at the X
point, with the formation of the Dirac cone with the
corresponding band inversion. This result agrees with
an earlier study [34]. The striking point here is that
the presence of strong correlations completely change
the situation in relation to previous analysis employing
uncorrelated bands [26] or SBMFT [19, 24], where the
topological transition occurs between insulator states.
Here the topological transition occurs between metallic
states, which shows that the X-boson method captures
the Dirac cone structure of the TKI.
We calculated the Kondo and the SRAFC
correlation functions, showing that the range of values
at around the minimum of these functions grow with
an increase in the parameter JH , which controls the
strength of the SRAFC. We showed that the position
of the minimum of these functions defines the range
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within which the TKI appears in the phase diagram.
We also calculated the phase diagram of Fig. 8, which
shows that as we vary the Ef level position, from
the empty lattice to the Kondo regime, the system
develops two phases: metallic and TKI, where this last
occurs in a very restricted region of Ef values, and is
formed due to the existence of SRAFC. This result is
consistent with pressure experiments of SmB6, which
show an insulator-metal transition due to the closing
of the TKG followed by a magnetic long range order at
approximately P = 10 GPa [15]
We also presented localized and conduction
density of states curves, which show the opening of
a V-shaped TKG at the chemical potential, due to
the presence of SRAFC. This kind of result is a
consequence of the use of the Γ
(1)
8 representation, which
by itself is not sufficient to describe the physics of
the topological Kondo insulators like SmB6, which
exhibit a true gap in the density of states. To obtain a
more realistic description of the TKI, it is necessary to
include the other Γ
(2)
8 representation in the formalism,
as well as to consider the problem in three dimensions.
However, the results obtained here can be relevant
to the study of the Kondo insulator CeNiSn, which
exhibits a spin gap originated from SRAFC [11, 12]
and a V-shaped density of states [21, 22, 23].
Acknowledgments
We are thankful for the financial support of the
Brazilian National Research Council (CNPq), DIEB
(Colombia National University), and the Colombian
National Science Agency COLCIENCIAS (Grant
FP44842-027-2015). R. Franco and J. Silva-Valencia
are grateful to ICTP - Trieste.
Appendix A. Heisenberg mean field
In this Appendix we transform the Heisenberg
Hamiltonian into a one-particle term by employing a
mean field approximation,
HH = −JH
∑
〈i,j〉
Si · Sj , (A.1)
where i, j ∈ {1, ..., N} label lattice sites and 〈i, j〉
denote pairs of nearest-neighbors (NN) sites.
HH = −JH
∑
〈i,j〉
Sz (i)Sz (j)−
1
2
JH
∑
〈i,j〉
[S+ (i)S− (j) + S− (i)S+ (j)] . (A.2)
As in this work we will be restricted to the nonmagnetic
phase, the first term of Eq. A.2 does not contribute and
we only consider the second one. We consider only two
states, with pseudospin label α = ±, belonging to the
representation Γ
(1)
8 of the multiplet state at the site j.
Introducing the Hubbard operators Xa,b(j) in a
site j: X+,− |−〉 = |+〉; X−,+ |+〉 = |−〉; X+,+ |+〉 =
|+〉; X−,− |−〉 = |−〉, we can write Eq. (A.2) as
HH = −JH
∑
〈i,j〉
[X+,− (i)X−,+ (j) +
X+,− (j)X−,+ (i)], (A.3)
and employing the Hubbard operators relations
X+,− (i) = X+,0 (i)X0,− (i) , (A.4)
X−,+ (j) = X−,0 (j)X0,+ (j) , (A.5)
we can introduce the following mean field approxima-
tion
2 [X+,− (i)X−,+ (j) +X+,− (j)X−,+ (i)] =
X+,0 (i)X0,+ (j) 〈X0,− (i)X−,0 (j)〉+
X+,0 (j)X0,+ (i) 〈X0,− (j)X−,0 (i)〉+
X−,0 (i)X0,− (j) 〈X0,+ (i)X+,0 (j)〉+
X−,0 (j)X0,− (i) 〈X0,+ (j)X+,0 (i)〉 , (A.6)
and the Hamiltonian can be written in the form
HH = −1
2
JH
∑
i,j,α
〈X†0,α (i)X0,α (j)〉 ×[
X†0α (i)X0α (j)
]
, (A.7)
where we use the additional mean-field approximation
〈X0,α (j)Xα,0 (i)〉 = 〈X0,α (i)Xα,0 (j)〉 , (A.8)
and comparing with the effective hopping Hamiltonian
H ′f =
∑
i,j,α
ti,j,σ X
†
0α (i)X0α (j) , (A.9)
we obtain
ti,j,α = −1
2
JH〈X†0,α (i)X0,α (j)〉. (A.10)
Since we are studying the paramagnetic case,
we simplify the notation by writing the X-boson
short-range antiferromagnetic correlation function as〈
X†iαXjα
〉
and Eq. A.10 becomes
ti,j,α = −1
2
JH〈X†iαXjα〉. (A.11)
Appendix B. Details of the cumulant
expansion
Considering the Heisenberg Hamiltonian, given by
Eq.10, as an additional perturbation in the main
Hamiltonian (Eq.6), the cumulant expansion follows
the same lines of the derivation [27, 29] used in the
absence of that perturbation. The only difference in
the resulting diagrams is that there are now two types
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of edges: besides the hybridization edge appearing
in the early derivation, there is another type of edge
associated with the hopping of the f - electrons. As
before, one has to construct all the topologically
different diagrams, but there are many new diagrams
corresponding to the presence of the hopping edge.
The simplest calculations are usually performed
when one uses imaginary frequency and reciprocal
space, and the transformation from imaginary time to
frequency is done exactly as before [27, 29], but to
transform to reciprocal space it is also necessary to
express the hopping constant ti,j employing its Fourier
transform Ekα:
ti,j =
1
Ns
∑
ki,kj
(Eki) δki,kj exp[ki.Ri] exp[−kj .Rj ],(B.1)
and from ti,j = t
∗
j,i it follows that Ekα is real (this Ekα
should not be confused with the Ek,σ of Eq.(3)). It is
straightforward to show that in reciprocal space there
is conservation of k along the hopping edges, and that
each of them multiplies the corresponding diagram’s
contribution to a factor Ekαi δki,kj .
The mean-field chain approximation (CHA) [27,
29], gives simple but useful approximate propagators,
obtained in the cumulant expansion by taking the
infinite sum of all the diagrams that contain ionic
vertices with only two lines. The laborious calculation
of the general treatment is rather simplified in this
case, and the inclusion of the perturbation H ′f in the
calculation is fairly simple in this approximation.
The only difference in the CHA diagrams when
we consider the hopping between the f -electrons is
the appearance of any number of consecutive local
vertices, joined by hopping edges that contribute a
factor ti,j when they join the two sites i and j, while
the contribution of the corresponding hybridization
edges is not altered. The whole calculation becomes
very simple if we regroup the diagrams so that all
the possible sums of contiguous local vertices are
considered as a single entity. We can calculate the
partial contribution of the set of all those diagrams
that join a fixed pair of conduction vertices j and j′
(and do not contain any conduction vertex inside the
collection): we obtain (with α = (oa)):
G˜ffj′α′;jα(zn) = δα′,α δj′,jG
o
f,α(zn) +
Gof,α(zn)tj′,jG
o
f,α(zn) +
Gof,α(zn)
∑
j1
tj′,j1G
o
f,α(zn)tj1,jG
o
f,α(zn) +
Gof,α(zn)
∑
j1
tj′,j1G
o
f,α(zn)×∑
j2
tj1,j2G
o
f,α(zn)tj2,jG
o
f,α(zn) + ... (B.2)
where zn = (2n+ 1)iπ/β represent the Matsubara
frequencies with n being any integer.
Gof,α(zn) = −Dα/(zn − εf,α) (B.3)
is the f bare cumulant GF, and in the X-boson the
parameter Dα = 〈Xoo〉 + 〈Xαα〉 must be calculated
self-consistently.
It is now easy to show that the full calculation
of the CHA that includes the hopping between the f -
electrons is described by the same diagrams as the case
with H ′f = 0, provided that we replace the contribution
Gof,0σ(zn) of each local vertex with the G˜
ff
j′α′;jα(zn) in
Eq. (B.2), and also sum over both internal sites j and
j′, because now they are not necessarily equal (we do
not sum over j or j′ when they are external vertices).
When the hopping between localized electrons is
included, it is convenient to first consider the transfor-
mation of G˜ffj′α′;jα(zn) to reciprocal space. Employing
Eq. (B.1) a factor exp[ki.Ri] (exp[−kj .Rj ]) appears
for each internal X†i,0σ(Xj,0σ) in G˜
ff
j′α′;jα(zn), while its
Fourier transform to reciprocal space provides the cor-
responding factors for the two X operators at the end
points. Employing Eq. (B.1), one then obtains
G˜ffk′α′;kα(zn) = δα′,α δk′,k ×
[Gof,α(zn)−Gof,α(zn)EkαGof,α(zn)−
Gof,α(zn)EkαG
o
f,α(zn)EkαG
o
f,α(zn) + ...] , (B.4)
and then
G˜ffk′α′;kα(zn) = δα′,α δk′,k
−Dα
zn − εf,α −Dα Ekα
. (B.5)
The δk′,k follows from the invariance against lattice
translation of H ′f , (i.e. ti,j = ti−ℓ,j−ℓ). The
G˜ffk′α′;kα(zn) coincides with the GF of a band of free
electrons with energies εf,α − Dα Ekα, except for
the Dα in the numerator. As in the absence of
hopping between f -electrons, Dα describes the effect
of the correlation between these electrons. The GF
for the CHA approximation in the presence of f -
electron hopping is now easily obtained in reciprocal
space when we notice that the exp[±k.R] associated
with the end points of the G˜ffj′α′;jα(zn), which are
provided by the definition of the Fourier transform
when they are external vertices, and by the Vj,k,σ =
(1/
√
Ns)Vσ(k) exp (ik.Rj) when they are connected by
hybridization edges to the conduction vertices. In this
way, all the GFs of the CHA in the presence of hopping
between f -electrons are then given by:
Gffkσ,α(zn) =
−Dα (zn − εkσ)(
zn − Efkα
)
(zn − εkσ)− |Vσα(k)|2Dα
,(B.6)
Gcckσ,α(zn) =
−
(
zn − Efkα
)
(
zn − Efkα
)
(zn − εkσ)− |Vσα(k)|2Dα
,(B.7)
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Gfckσ,α(zn) =
− DαVσα(k)(
zn − Efkα
)
(zn − εkσ)− |Vσα(k)|2Dα
.(B.8)
with Efkα = ε˜f +DαEk.
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